To provide nutritious and fresh processed foods at low cost, non-thermal food processing utilizing an underwater shockwave is one of the most promising methods. In the non-thermal food processing system, a high voltage multiplier is the vital component to generate the underwater shockwave. In this paper, an experimental study is conducted concerning a non-thermal food processing system using a series-connected bipolar voltage multiplier with multiple electrodes. In the proposed system, a target food is destroyed from both sides by underwater shockwaves. Therefore, unlike conventional systems, the proposed system can soften the whole flesh of target foods effectively. Furthermore, owing to the series-connected bipolar topology, the proposed multiplier can achieve not only higher speed but also higher step-up gain than conventional multipliers. Therefore, the proposed system can process the target food at high speed. The feasibility of the proposed system is clarified by experiments.
Introduction
In the aging society such as Japan, nutritious and fresh processed foods are required for elderly persons. To provide nutritious and fresh processed foods at low cost, non-thermal food processing utilizing an underwater shockwave (1) , (2) is one of the most promising methods. By utilizing the underwater shockwave, this method destroys the cell wall and organization of foods without heating. The non-thermal food processing system is mainly composed of a high voltage multiplier, a pressure vessel, a high voltage relay, and a big capacitor. The operation principle of the non-thermal food processing system is as follows: First, a high stepped-up voltage is generated by a high voltage multiplier, where the high stepped-up voltage is charged to an external big capacitor. Next, the electric charge stored in the big capacitor is discharged from two electrodes by turning on the high voltage relay. Then, the stored energy in the external capacitor turns into shockwave energy in the pressure vessel. Finally, the target food is crushed by the underwater shockwave. Therefore, the key component of this system is the high voltage multiplier (3)- (10) for generating underwater shockwaves. In past studies, one of the most popular high voltage multipliers is the Cockcroft-Walton voltage multiplier (3) , (4) (CWVM). Unlike a high voltage generator using a transformer with high turn ratio, the traditional CWVM can offer light and small circuit configuration. For this reason, several types of high voltage multipliers have been proposed: Bipolar voltage multiplier (5) - (7) , High-speed bipolar multiplier (8) , (9) , series-connected bipolar multiplier (10) , and so on. However, the conventional voltage multipliers suffer from low speed and low gain. Therefore, the speed of the non-thermal food processing system using conventional voltage multipliers is slow. Furthermore, it is difficult to process the whole flesh of the target food such as fruits, meats, etc., because the softened part of the target food depends on the position of the electrodes.
In this paper, in order to process target foods such as fruits, meats, etc., an experimental study is conducted concerning the non-thermal food processing system using a series-connected bipolar voltage multiplier with multiple electrodes. In the proposed system, the target food is destroyed effectively from both sides by the electric discharge from four electrodes. For this reason, unlike conventional systems, the proposed system can soften the target food effectively. Furthermore, owing to the series-connected bipolar topology, the proposed multiplier can achieve not only higher speed but also higher step-up gain than conventional multipliers. Therefore, the proposed system can process the target food at high speed. To clarify the feasibility of the proposed system, experimental evaluation is performed concerning the laboratory prototype.
The rest of this paper is organized as follows. In section 2, the problem definition of this research is described. In section 3, the circuit configuration and operation principle of the proposed system are explained. To confirm the validity of the proposed system, experimental results are shown in Section 4. Finally, conclusion and future work are drawn in section 5. Figure 1 illustrates the architecture of the conventional non-thermal food processing system utilizing an underwater shockwave (10) . In the non-thermal food processing system of figure 1, first, a high stepped-up voltage is generated by a high voltage multiplier, where the high stepped-up voltage is charged to an external big capacitor. Next, the electric charge stored in the external big capacitor is discharged from two electrodes by turning on a high voltage switch. Then, the stored energy in the external capacitor turns into shockwave energy in the pressure vessel. Finally, the target food is crushed by spalling destruction. In this food processing system, the water-rich food can be processed easily by small energy. Figure 2 shows an example of the pressure vessel to fill water, where a pressure cooker is employed to process an apple. As figures 1 and 2 show, two electrodes were located near the target food. However, it is difficult to process the whole flesh of the target food such as fruits, meats, etc. The softened part of the target food depends on the position of the electrodes as shown in figure 3 . To process the entire flesh of the target food such as fruits, the non-thermal food processing system using a series-connected bipolar voltage multiplier with multiple electrodes is proposed in this paper. Figure 4 illustrates the architecture of the proposed non-thermal food processing system. Unlike the conventional systems of figure 1, the high voltage multiplier of the proposed system has multiple electrodes. Therefore, the target food is destroyed from both sides by the electric discharge from four electrodes. For this reason, unlike conventional systems, the proposed system can process the target food effectively. Furthermore, owing to the series-connected bipolar topology, the proposed multiplier can achieve not only higher speed but also higher step-up gain than conventional multipliers. Therefore, the proposed system can process the target food at high speed.
Problem Definition
In the following section, the features of the high voltage multiplier used in the proposed system will be discussed. Fig. 1 . Architecture of the previous non-thermal food processing system utilizing an underwater shockwave (10) . (7) of figure 5 (b) was proposed. The bipolar voltage multiplier is composed of a positive voltage multiplier block and a negative voltage multiplier block. By combining the outputs of these blocks, a high voltage across an output load is offered as an output. Therefore, owing to the bipolar topology, the threshold voltage drop can be alleviated by the bipolar voltage multiplier. However, due to the switching control using ac inputs, the response speed of the bipolar voltage multiplier is slow.
To overcome this problem, the high-speed bipolar voltage multiplier (8) , (9) of figure 5 (c) was developed. The high-speed multiplier consists of a positive and a negative voltage multiplier blocks and a full waveform rectifier. By driving these voltage multiplier blocks by high-speed rectangular clock pulses, a high voltage across the output load is provided. Owing to the switching control using high speed rectangular pulses, the high-speed multiplier can (a) Cockcroft-Walton multiplier (3) , (4) .
(b) Bipolar voltage multiplier (5)- (7) .
(c) High-Speed bipolar voltage multiplier (8) , (9) .
(d) Series-connected bipolar voltage multiplier (10) .
(e) Proposed multiplier. achieve high response speed. However, the step-up gain of the high-speed multiplier was not improved from conventional converters. To achieve high step-up gain, the series-connected high voltage multiplier (10) of figure 5 (d) was suggested. The series-connected multiplier consists of a full waveform rectifier, two positive voltage multiplier blocks, and a negative voltage multiplier block. By connecting these voltage multiplier blocks in series, the input voltage is amplified twice in this multiplier. Owing to the series-connected topology, the series-connected multiplier can achieve high step-up gain. However, there is still room for improvement in step-up gain. Figure 5 (e) illustrates the block diagram of the proposed multiplier. The proposed multiplier consists of two positive multiplier blocks, two negative multiplier blocks, and a level shift driver. First, the ac input is amplified by the 1st positive and negative multiplier blocks. Then, the level shift driver generates high-speed rectangular pulses by combining the outputs of these 1st multiplier blocks, where the amplitude of the rectangular pulses becomes 4VAC. Finally, by amplifying the amplitude of the high-speed rectangular pulses by the 2nd multiplier blocks, the bipolar output voltages are offered to output loads. Therefore, the proposed multiplier can achieve not only high speed but also high step-up gain. Figure 6 depicts the circuit configuration of the proposed high voltage multiplier. As figure 6 shows, the proposed multiplier is controlled by non-overlapped two-phase clock pulses Ф1 and Ф2. By combining the output voltages Vpo and Vmo, the proposed multiplier offers the following high stepped-up voltage:
Circuit Configuration
Vout=28Vmax − 36Vth , (1) where Vmax denotes the maximum value of VAC and Vth denotes the threshold voltage of the diode switch. In the proposed multiplier, the step-up gain is set to 28 in order to generate about 4kV from 100V@60Hz, because it is known that a 3.5kV output is necessary to destroy fruits such as apples, tomato, etc. Table 1 demonstrates the comparison of output voltages between the proposed multiplier and conventional multipliers. In Table 1 , N (=1, 2, …) is the number of stages of the voltage multiplier block. As Table 1 shows, the proposed multiplier can achieve higher gain than others.
Experiment

Experimental Setup
To clarify the feasibility of the proposed system, experiments were conducted concerning the laboratory prototype shown in figure 7 . The laboratory prototype of figure 7 consists of a high voltage multiplier, a high voltage relay, and a big capacitor. In figure 7 , the high voltage multiplier was built with commercially available components on PCB boards, where the step-up gain is 28 and the input voltage is 100V@60Hz. The stepped-up voltage generated from the high voltage multiplier is provided to the output capacitor. The size of the output capacitor produced by TOEI corporation is 200μF and the rated voltage is 4000V DC, where the capacitor is made by using polypropylene film and insulating oil. The connection between the high voltage multiplier and the output capacitor is controlled by the high voltage relay produced by Ross Engineering, where the HV contact of the high voltage relay is 12 kV and insulation to ground is 20 kV. Figure 8 shows the chamber to fill water. In experiments, the acrylic water tank was used to investigate discharging process of the non-thermal food processing. The size of the acrylic water tank is 60×30×36cm. As figure 8 shows, four electrodes were set in water. Between these electrodes, the wrapped apple is fixed as shown in figure 8 , because the effect of underwater shockwaves can be confirmed by the color change of the apple flesh. Figure 9 demonstrates the charging process of the 200μF capacitor. In figure 9 , the red line shows the output voltage of the positive converter block and the green line shows the output voltage of the negative converter block. As you can see from figure 9 , the settling time is 281 sec. and the output voltage is about 3.98 kV. On the other hand, the settling time of the traditional CWVM was more than 20 min. for charging the 200μF capacitor. Figure 10 demonstrates the discharging process captured by the high speed camera EX-100PRO. In the experiment of figure 10 , the gap between copper electrodes was set to 10mm and a wrapped target food was located near the electrodes. As figure 10 shows, first, the water around the copper electrodes evaporates by electric discharge. Then, shockwaves occur by implosion. As you can see from figure 10, the color of flash light is green, because the copper electrodes are melted by electric discharge. Therefore, the water in the acrylic water tank is contaminated by copper. In a future study, we are going to investigate the copper contamination of water. Figure 11 shows the cross section of the processed food by the proposed system. As figure 11 shows, the whole flesh of the target food is softened by underwater shockwaves. Concretely, the hardness of the target food was changed from 53.8N to 30.4N by the non-thermal food processing. Of course, the proposed non-thermal food processing system can completely crush the target food by increasing the number of discharging processes.
Experimental Results
Conclusions
A non-thermal food processing system using a series-connected bipolar voltage multiplier with multiple electrodes has been proposed in this paper. The feasibility of the proposed system was confirmed by the experiments using a laboratory prototype.
The results of this study are as follows: 1. The settling time of the proposed system was less than 281 sec. for charging a 200μF capacitor. 2. The whole flesh of the target food was softened by underwater shockwaves. By the proposed non-thermal food processing, the hardness of the processed food was changed from 53.8N to 30.4N. From this result, the proposed system can offer nutritious and fresh processed foods. 3. Due to high voltage discharging processes, the copper electrodes were melted. Therefore, the copper contamination of water must be investigated in a future study. This study is still going on. Now, we are going to develop health functional foods by injecting vitamins, alcohols, and so on. The proposed system will open up new vista in the field of the food processing.
